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I. INTRODUCTION

The usefulness of graphite—aluminum composites is currently limited by
their poor strength in the directions perpendicular to the graphite fibers.
This is particularly troublesome in structures requiring a unidirectional
fiber orientation. Improving the transverse strength would enhance the design
versatility beyond that which is currently attainable with these matertals and
would make graphite-aluminum more competitive with other metal-matrix

composites.

The required transverse strength is presently achieved by encapsulating
the individual composite wires in aluminum foil, The transverse strength is
increased by 50 to 75%, and the joinability of the composite is greatly en—

hanced by this procedure.l

However, encapsulation increases production costs
and diminishes the fiber content and, therefore, the longitudinal properties

by 25X or more.

The ultimate solution to the transverse strength problem is to change the
composite processing procedures to strengthen the fiber-matrix bond. The
Aerospace Corporation is committed to this approach and has devoted consider-
able effort to it under the funding of the Naval Surface Weapons Center
(NSWC).2_4 Although much progress has been made, the process is a formidable
task and is still under development. Thus, the need for a less complicated

‘w. C. Harrigan, Jr., J. Dolowy, and B. Webb, Investigations of Joining
Concepts for Graphite Fiber Reinforced Composites, Final Report, NSWC
Contract N6092-77-C-0166, DWA Composite Specialties, Chatsworth, Calif.
(1977).

2p. L. Dull and M. F. Amateau, Transverse Strength Properties of
Graphite-Aluminum Composites, Final Report, TOR-0077(2726~03)-4, The
Aerospace Corporation, E1 Segundo, Calif. (30 September 1977),

G. L. Steckel, R. H. Flowers, and M. F. Amateau, Transverse Strength
Properties of Graphite-Aluminum Composites, Final Report, TOR-0078(3726-03)-4,
The Aerospace Corporation, E1 Segundo, Calif. (30 September 1978).

4G. L. Steckel, H. A. Katzman, and M. F. Amateau, Transverse Strength

5?7.'7 26-03)-4,

Properties of Graphite-Aluminum Composites, Final Report, TOR-007
The Aerospace Corporation, El Segundo, Calif. (30 September 1979).
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nearer term solution to the problem has become apparent. In response, a study

: has been conducted to determine the suitability of high-strength aluminum
alloys or composites for use as cladding materials on graphite-aluminum
plates. The composite consolidation procedures presently employed require
aluminum surface foils. Thus, this approach would be compatible with the
existing process. It would be more cost effective than encapsulation and
would eliminate the associated fiber dilution. However, this approach would

- be limited to those applications requiring transverse strength within the

plane of a composite plate. It would have no effect on the strength through
the thickness of the plate.
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II. EXPERIMENTAL PROCEDURE

A. SURFACE FOIL MATERIALS

International Nickel Company's IN9051 alloy and a SiC-6061 composite
produced by NSWC were selected for use as high-strength surface foils for
graphite~aluminum composites. IN9051 is a powder metallurgy aluminum alloy
containing 4 wt. ¥ MgO. It has a typical ultimate tensile strength of
80 x 103 psi with a yield strength of 75 x 103 psi and an elastic modulus of
11 x 10® psi. The strengthening is believed to be a result of the dispersed
MgO particles. 1IN9051 allow sheet stock, 0.07-in. thick, was provided by
Lockheed Aircraft Company, Marietta, Georgia.

The S1C-6061 was received from NSWC in the as-extruded bar form with a
0.6-in. x 1.5-in. cross section. It had 15 vol. %Z of Silag Incorporated's
grade M-8 S1C, which 1is 15 to 25% whiskers and 75 to 85% particulate. Although
the tensile properties of the starting material were not obtained, typical
properties reported by Silag for their 17 vol. % M-8 SiC-6061-T6 composite are
an ultimate tensile strength of 65 to 70 x 103 psi, a yield strength of 55 to
60 x 103 psi, and an elastic modulus of 14 x 109 psi. Thus, the reinforcement
increases the tensile properties of the 6061-T6 alloy by 40 to 60%Z.

The IN9051 and S1C-6061 had to be rolled to a maximum foil thickness of
0.005 in. before fabrication of the graphite-aluminum plates. These materials
have very limited ductilities (le:s than 62 elongation). Therefore, fairly
elaborate rolling schedules were adopted for the foil preparation. Both mate-
rials were hot-rolled to 0.009 in. using a Loma mill which had flame heated,
6-in. diameter rolls., The SiC-6061 was givem 10% reduction per pass and was
annealed at 500°C for 10 minutes between passes. The IN9051 was somewhat more
ductile than the Si1C-6061 and could be given from 15 to 20% reduction per pass
with intermediate anneals at 400°C for 10 minutes. Both materials were fur-
ther reduced by cold-rolling, using the same reduction per pass and annealing
conditions that were used for hot-rolling. The SiC-6061 was cold-rolled to a
final thickness of 0.0045 in., and the IN9051 was cold-rolled to 0.0035 or
0.005 in. All foils were annealed at 400°C for 30 minutes and furnace cooled

following the final rolling pass.
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B. COMPOSITE PROCESSING

Nine composite plates were fabricated using graphite—aluminum precursor
wire purchased from Material Concepts Incorporated. The precursor wire had
Union Carbide's VSB-32 or VS0054 pitch mesophase graphite fibers in a matrix

of 6061 aluminum modified by additions of Ti and B in excess of the liquid
solubility limits. The properties of the graphite fibers are given in Table 1.

Table 1. Properties of Graphite Fibers

Tensile Young's

Strength, Modulus, Density,
Fiber 103 psi 108 psi g/cm3
VSB-32 300 55 2,02
VS0054 350 100 2.05

The VSB-32/6061 precursor wire had a fiber content of 50 vol. ¥ and an average
ultimate tensile strength of 150 x 103 psi, or 97 rule of mixtures (ROM). The
VSB-54/6061 wire had 40 vol. % fiber with a tensile strength of 130 x 103 psi
(88X ROM).

DWA Composite Specialities fabricated the unidirectional graphite-
aluminum plates by the diffusion bonding process. The composite plates are
provided in Table 2 along with the plate dimensions, foil thicknesses, and the

number and type of mechanical property samples tested.
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C. MECHANICAL PROPERTIES EVALUATION

Ultimate tensile strength and Young's Modulus were determined for the
IN9051 and SiC-6061 foils and for the composite plates. The foils were tested
using the sample geometry shown in Figure 1. Two types of sample geometry
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Figure 1. Foil and Composite Longitudinal Tensile Sample Geometry.

were used for the longitudinal composite tensile samples. All the plates were
tested using rectangular samples, which were the full-plate thickness and ap-
proximately 4-in. long by 0.25-in. wide. The larger plates (see Table 2) were
also tested using the same sample geometry that was used for the foils. It
was learned that the measured longitudinal tensile strength of the composites

with the VS0054 fiber was a function of the sample geometry.

The transverse tensile samples were 4-in. long by l-in. wide for the
larger plates (G4210, G4261, G4272 and G4323) and l.5-in. by 0.5-in. for the
remainder of the plates. Young's modulus was determined for the larger trans-

verse samples and all of the longitudinal samples using a clip-on extensome-

ter. The modulus was not measured for the small transverse samples. Aluminum

" |




tabs 0.05-in. thick were bonded to both sides of each end of the composite

tensile samples to reduce stress concentration effects of the Instron testing

machine grips.

The fiber content and aluminum carbide (A14C3) concentrations of the
composite plates were determined by gas chromatography. The tensile testing
and gas chromatography were performed following the procedures outlined by
Padilla et al.’

SF. Padilla, W. C, Harrigan, Jr., and M. F. Amateau, Handbook of Test
Methods for Evaluation and Qualification of Aluminum-Graphite Composite
Materials, Interim Report, TOR-0075(5621)-3, The Aerospace Corporation, El
Segundo, Calif. (21 February 1975).




I1I. RESULTS AND DISCUSSION

A, FOIL MECHANICAL PROPERTIES

The tensile data for the cold-rolled and annealed SiC-6061 and IN9051
foils are provided in Table 3 along with data for the annealed 6061 alloy.
Although the tensile strength of the as-received IN9051 was not determined,
the typical tensile strength of the material is 80 x 103 psi. Thus, the
strength of the IN9051 may have been reduced by up to 10% by the rolling and
annealing. The material was given a second anneal at 600°C to simulate the
diffusion bonding process. This anneal reduced the tensile strength by 10% to
64,5 x 103 psi. The tensile strength of the IN9051 did not depend on the foil
orientation with respect to the rolling direction.

Table 3. Mechanical Properties of SiC-6061 and IN9051 Foils

. Tensile Strength, Young's Modulus
Foil 103 psi 106 psi
6061-0 18.1 10.0
$1C-6061-0 36.1 11.0
IN9051(400°C anneal) 71.5 10.0
IN9051(600°C anneal) 64.5 -

No data were available for the as-received SiC-6061 materfial in the an-
nealed condition. Therefore, it was not possible to determine if the rolling
had any effect on the material's tensile properties. However, since the
tensile strength of the annealed foil was twice that of 6061-0, compared to a
typical increase of 40 to 50% for extruded SiC-6061-T6, it is unlikely that
the rolling had a deleterious effect on the strength of the SiC-6061. The
$iC-6061 was only tested in the rolling direction.

11 }
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The moduli of the foils were somewhat lower than anticipated. However,
the accuracy of these values is questionable because it is very difficult to

make accurate strain measurements with extensometers on thin foils.

B. TRANSVERSE STRENGTH OF GRAPHITE-ALUMINUM COMPOSITES

The transverse strength data for the graphite—aluminum composites are

given in Table 4 and are plotted as functions of the fractional foil

Table 4. Transverse Strength of Graphite-Aluminum
Composites with Various Surface Foils

Composite Fractional Foil Thickness, Trangverse Strength,
Fiber/Matrix/Foil In. 10° psi % ROM
VSB-32/6061(1L)/6061 0.26 4.8 78
VSB-32/6061(1L)/S1C-6061 0.30 7.9 65
VSB-32/6061(1L)/IN9051 0.33 18.2 80
VSB-32/6061(2L)/IN9051 0.21 10.0 71
VSB-32/6061(3L)/IN9051 0.15 8.1 86
VS0054/6061(1L)/6061 0.26 5.3 86
VS0054/6061(1L)/IN9051 0.27 13.1 69
VS0054/6061(1L)/IN9051 0.35 17.7 74
VS0054/6061(2L)/IN9051 0.21 10.1 67
VSB-32/6061(3L)/6061 0.18 3.3 68

thickness, te, in Figure 2. The fractional foil thickness was defined as the
ratio of the foil thickness to the total plate thickness. The ROM data in the

table were calculated from the equation

Z ROM = lOOo/[tfof + (l'tf) °c1

where 0 is the measured plate transverse strength, % is the foil strength
given in Table 3, and oc is the transverse strength of the composite without

surface foils. A value of 2 x 103 psl was assumed to be a reasonable value

e
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for oc for both composite systems.3 The rule of mixtures strength of the
composite with the S1C-6061 foil was 65% ROM, while the composites with the
6061 and IN9051 foils varied from 68 to 86% ROM and 66 to 80X ROM, respec-
tively. Thus, relative to the foil tensile strength, the three foils were
similarly effective in increasing the composite transverse strength. The
fairly consistent ROM values and the linearity of the plots in Figure 2 allow
the transverse strength to be estimated with reasonable accuracy from the '

fractional foil thickness and foil tensile strength.

The plots in Figure 2 demonstrate the superior transverse strength of the
composites with the IN9051 foil. The figure also indicates that high-strength
foils, such as IN9051, will provide transverse strength while maintaining a
minimal foil fraction. Thus, it will not be necessary to decrease the fiber
content and, therefore, the longitudinal properties in order to meet the
transverse strength requirements. Furthermore, for some applications, high-
strength foils should permit the use of thinner composite panels, thus enhanc~

ing the weight-saving potential of the composite.

In many applications, the transverse yield strength may be more important
than the ultimate tensile strength. Any yielding in the transverse direction
will, at the very least, cause microcracking, which can have a deleterious
effect on important longitudinal properties such as the coefficient of thermal
expansion. Stress-strain curves are shown in Figure 3 for VSB-32/6061(IL)
composites having each of the three foils. Yielding of the composite having
the 6061 foil began at 3.5 x 103 psi, but did not occur until stresses of
6.5 x 103 psi and 8.5 x 103 psi were reached in the composites with the SiC-
6061 and IN9051 foils, respectively. Furthermore, significant yielding did
not occur with the IN9051 foil below approximately 12 x 103 psi. The effect
is somewhat overemphasized in the figure, since the fractional foil thick-
nesses of the IN9051 and SiC-6061 are higher than that of the 6061, However,
the IN905]1 and S1C-6061 are high-yield strength materials, particularly when
compared to the annealed 6061 alloy. Thus, it is believed that at equal
fractional foil thicknesses the yield strength improvement of these foils over
6061 should be at least as great as the ultimate tensile strength {mprovement.

14
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A final point apparent from Figure 3 is the transverse modulus improve-
ment provided by the SiC-6061 foil. This foil increased the modulus from
approximately 4.5 x 106 psi to 6.5 x 106 psi. The IN9051 foil had no effect

on the transverse modulus.

C. LONGITUDINAL PROPERTIES OF GRAPHITE-ALUMINUM COMPOSITES

The longitudinal tensile data for the graphite—aluminum composites are
provided in Table 5. The ROM calculations were made on the basis of foil
contributions to the tensile properties as well as the usual fiber and matrix
contributions. All but one of the composites with the IN9051 foil had lower
ROM tensile strengths than the standard composites with the 6061 foil. How-
ever, it is believed that the tensile strength data for two of these compos-
ites are erroneocus. None of the tensile samples of plates G4404 through G4407
had a reduced section, and it was learned that this can have a significant
influence on the magnitude of the measured tensile strength. For example, the
strength of plate G4323 was 109 x 103 psi (87.5% ROM) for samples having a
reduced section, but only 88.8 x 103 psi (71.3% ROM) for samples which did not
have a reduced section. This reduction of nearly 202 was probably the result
of stress concentration effects from the testing machine grips. The depen-
dence of the measured tensile strength on the sample geometry was even greater
for plate G4452. Both of these plates had the VS0054 fiber. The tensile
strength of plates G4210, G4261, and G4272, all of which had the VSB-32 fiber,
did not depend on the sample geometry. Thus, the stiffer but more fragile
VS0054 fiber is apparently more sensitive to stress concentration effects than
is the VSB-32 fiber. It is therefore believed that the low tensile strength
values reported for plates G4405 and G4406 are probably erroneous, while those
for plates G4404 and G4407 are probably valid. The reason for the low
strength of these plates, particularly G4407, is not known.

Pitch fiber graphite-aluminum composites usually have Young's moduli
values in the 95 to 100Z ROM range. Therefore, all of the composites with the
IN9051 foil, except G4452, had low modulil. These plates also had poor bonding
between the composite wires and the IN9051 foils. Figure 4a shows a trans-
verse micrograph of plate G4272, which had the poorest foil bonding. Flow of

16
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the foil was insufficient to f1i1ll in the triangular voids at the intersection
between two wires and the foil. Poor bonding between the foil and composite
inhibits stress transfer, and thereby decreases the measured elastic modulus.
DWA Composite Specialties fabricated plate G4452 at a temperature approximat-
ely 20°C higher than that of the other plates with the IN9051 foil. It had
excellent bonding between the foil and wires (Figure 4b) and a modulus that
was 100X ROM. The lower fabrication temperature used for most of the plates
with the IN9051 foil was the temperature normally used for plates with the
6061 foil. Thus, a slightly higher consolidation temperature is necessary
with the IN9051 alloy than is with the 6061 alloy, in order to allow suffi-
cient foil flow to achieve good bonding.

The plate with the SiC-6061 foil had the lowest absolute tensile strength
and the second lowest ROM strength. The strength did not depend on the sample
geometry, and bonding between the foil and composite wires appeared to be
excellent. Furthermore, the modulus exceeded 100%Z ROM. Thusg, the graphite
fibers were not damaged during the consolidation process. The SiC whiskers or
particles may have had a damaging effect on the graphite fibers during the
tensile test; more plates must be fabricated with this foil to determine if
the low tensile strength is a typical property.

Despite a lower graphite fiber content, the composite with the SiC-6061
foil had a modulus nearly 10X higher than the VSB-32/6061 standard composite.
Thus, the S1C-6061 foil increased the elastic modulus in the transverse and
longitudinal directions of the composite. However, the foils were very narrow
strips and had to be oriented on the plate so that the rolling direction of
the foil coincided with the direction of the applied load for both sample
orientations. Since it was only possible to test the foils in the rolling
direction, the relevance of the foil orientation to the composite properties
is unknown.

Optical microscopy of plate G461 (Figure 5) indicated that there was
excessive flow of the SiC-6061 foil and very little deformation of the
precursor wires during consolidation. This behavior reduced the effective
foil thickness and probably limited the extent of the transverse tensile
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Transverse Optical Micrograph of the Graphite~Aluminim

Composite with the SiC-6061 Foil
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strength and modulus improvements provided by the foil. Further tests on
composites with the SiC-6061 foil must be performed to address the foil
orientation issue, to determine the effect of varying the consolidation

parameters, and to determine if the longitudinal strength can be improved.

\ All of the composites with the IN9051 foil had very high A14C3 concen~
trations, in the range from 2000 to 4500 wt ppm. This was surprising since
the foil was not expected to affect fiber-matrix reactions. We therefore did
an analysis to determine the Al,Cq content of the IN9051 starting material.
It had nearly 25,000 ppm (0.025 wt%) Al,C3. It is assumed that the carbon
originated from an organic binder used during the powder processing procedure.
The strength of the IN9051 may be partially attributed to the high carbide
concentration. The carbide may also contribute to the low ductility of

IN9051.




The following conclusions can be made from the study of graphite—aluminum

composites with high-strength surface foils:

1.

IV. CONCLUSION

IN9051 and SiC-Al can be rolled to thin foils by applying hot and
cold rolling procedures. The rolling does not adversely affect the
strength of these materials.

The transverse strength of graphite-aluminum composites with IN9051
foils is approximately three times that of composites with 6061 foils
of the same thickness.

SiC-6061 composite foils improve the transverse strength of graphite—
aluminum, but to a lesser extent than IN905! foils. Further study of
the use of SiC-6061 foils is needed.

SiC-6061 foils improve Young's modulus of graphite—aluminum
composites above that attained with 6061 foils in the longitudinal
and transverse directions. IN9051 foils have no effect on the
modulus.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
imental and theoretical investigations necessary for the evaluation and applica-
tion of scientific sdvances to nev military space systems. Versatility and
flexibility have been developed to a high degree by the laboratory personnel in
dealing with the wmany problems encounterad in the nation’s rapidly developing
space systems. Expertise in the latest scilentific developments is vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tribute to this research are:

Aerophysics Laboratory: Lsunch vehicle and reentry aerodynamics and heat
transfer, propulsion chemistry and fluid mechanics, structural sechanics, flight
dynamics; high~temperature thermomechanics, gas kinetics and radiation; research
in environmental cheasistry and contasination; cv and pulsed chemical laser
development including chemical kinetics, spectroscopy, optical resonators and
beam pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radis-
tion transport f{n rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surfece phenomana, thermionic eamission, photosensitive materials
and detectors, stomic frequency standards, asnd bioenvironmental research and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise and
power devices, seaiconductor lasers, electromagnetic and optical propagstion
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimeter-wave snd microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system design, distributed architectures for
spaceborne computers, fault-tolerant computer systems, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: wmetal matrix
composites, polymers, and nev forms of carbon; component faflure analysis and
reliability; fracture mechanics and stress corrosion; evaluation of materisls in
space enviromment; materials performance in space transportation systems; anal-
ysis of systems vulnersbility and survivability in enemy-induced environments.

Space Sciences Laboratory: A pheric snd 1 pharic physics, radiation
from the atmosphere, density and composition of the upper atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation of
plasma waves in the magnetosphere; solar physics, infrared estronomy; the
effects of nuclear explosions, megnetic storms, and solar activity on the
earth's atmosphere, 1ionosphere, and wmagnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systeas.




